An unexplained hallmark of prolonged critical illness is the fact that food does not prevent or reverse protein wasting, while fat is paradoxically accrued. This`wasting syndrome' often persists after the underlying disease has been resolved and thus perpetuates intensive care dependency. Although the crucial role of an intact hypothalamus±pituitary axis for homeostasis during stress is well recognized, the differences between the neuroendocrine changes observed in acute and prolonged critical illness were only recently described. Novel insights in this area are reviewed here.
Introduction
By de®nition, critical illness is any condition requiring support for failing vital organ functions, either with mechanical aids (such as mechanical ventilation, hemodialysis or -®ltration or cardiac-assist devices) or with pharmacological agents (such as inotropes or vasopressors), without which death would ensue. Undoubtedly, this condition is the ultimate example of acute, severe physical stress. If onset of recovery does not follow within several days of intensive medical care, critical illness often becomes prolonged and intensive care must be continued for weeks or even months. At this stage, and in contrast to the early phase of severe illnesses, patients no longer ef®ciently use fatty acids as metabolic substrates (1) . They store fat with feeding, both in adipose tissue and as fatty in®ltrates in vital organs such as the pancreas and the liver, but they continue to lose large amounts of protein from skeletal muscle and from organs, which causes impairment of vital functions, weakness and delayed or hampered recovery (2) . This is a major and frustrating clinical problem as it leads to persistent dependency on intensive medical care ± despite adequate and successful treatment of the underlying disease that had initially warranted admission to the intensive care unit ± with increasing susceptibility to potentially lethal complications, mostly of infectious origin. Indeed, mortality from prolonged critical illness is high: 24% for a group of adult patients with an intensive care stay of >21 days in our intensive care unit (3) . Incidentally, male patients seem to have a higher risk for an adverse outcome of prolonged critical illness (26%) than female patients (20%) (3) . The reason for this gender difference in outcome remains obscure. In line with the foregoing is the inability of the classical scoring systems for severity of illness, such as the Acute Physiology And Chronic Health score (APACHE II) (4) , to predict mortality in this type of long-stay, intensive care patient. This enigma re¯ects the current absence of knowledge on the pathophysiological mechanisms underlying onset of recovery or, conversely, the lack of recovery in prolonged critically ill patients.
The importance of an intact hypothalamus±pituitary axis for metabolic and immunological homeostasis during stress is well recognized. However, most of the data on the neuroendocrine stress response have been obtained in human and animal models of acute stress such as surgery, trauma and acute infection. The neuroendocrine changes in prolonged critical illness were assumed (mainly by extrapolation) to be identical to those observed in the above-mentioned models of acute stress. This assumption has now been invalidated (5) . Indeed, it recently became clear that hypothalamus±anterior pituitary function is altered differently in the acute phase (the ®rst hours to days) and the chronic phase (from 7 to 10 days onwards) of critical illness (5) and a recent study has revealed that a neuroendocrinè dysfunction' at least partially underlies several metabolic problems present in the chronic phase of illness (6) . This review, which for the sake of brevity has omitted a number of papers from the discussion, attempts to give an integrated update of the knowledge on the neuroendocrine responses to acute and prolonged critical illness in the human, focusing on the somatotropic and thyroid axes.
Changes within the somatotropic axis
In normal physiology, growth hormone (GH) is released from the somatotropes in a pulsatile fashion, under the interactive control of the stimulatory hypothalamic GHreleasing hormone (GHRH) and the inhibitory somatostatin (7) . Since the 1980s, a series of synthetic GHreleasing peptides (GHRPs) and non-peptide analogs have been developed that potently release GH, through a speci®c G-protein coupled receptor located in the hypothalamus and the pituitary (8, 9) . It now appears that there exists at least one highly conserved endogenous ligand for this receptor (10) , named`ghrelin', which originates in peripheral tissues such as the stomach, as well as in the hypothalamic arcuate nucleus, and which seems to be another key factor in the complex physiological regulation of pulsatile GH secretion. As clearly shown in rodents (11) , there is now evidence that in humans, too (12) , the pulsatile nature of GH secretion is important for its metabolic effects (3, 13) .
Changes in the acute phase of critical illness
During the ®rst hours or days after an acute, stressful insult, such as surgical or traumatic injury or infection, circulating GH levels become elevated and the normal GH pro®le, consisting of peaks alternating with virtually undetectable troughs, is altered: peak GH levels as well as interpulse concentrations are high and the GH pulse frequency is elevated (5, 14, 15) (Fig. 1) . It is still unclear as to which factor ultimately controls the stimulation of GH release in response to stress. First, as in starvation (16) , more frequent withdrawal of the inhibitory somatostatin and/or an increased availability of stimulatory (hypothalamic and/or peripheral) GHreleasing factors could, hypothetically, be involved. Secondly, serum concentrations of insulin-like growth factor-I (IGF-I) and the GH-dependent binding protein IGFBP-3 and its acid-labile subunit (ALS) decrease; this is preceded by a drop in the serum levels of GH-binding protein (GHBP) (17) . The latter was found to re¯ect reduced GH-receptor expression in peripheral tissues (17) . Circulating levels of the small (inhibitory) IGFbinding proteins, such as IGFBP-1, IGFBP-2 and IGFBP-6 are elevated (18, 19) . This constellation of effects, which has been con®rmed in experimental human and animal models of acute stress and in acutely ill patients, has been interpreted as acquired peripheral resistance to GH (14, 18) . This is probably brought about by the effects of cytokines such as tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1) and interleukin-6 (IL-6). It has been hypothesized ± though it remains unproved ± that reduced GH-receptor expression and thus low circulating IGF-I levels are the primary events (cytokine-induced) which in turn ± through reduced negative feedback inhibition ± drives the abundant release of GH during acute stress, exerting direct lipolytic, insulin-antagonizing and immune-stimulatory actions, while the indirect IGF-I-mediated somatotropic effects are attenuated (20, 21) . This phenomenon would make a lot of sense in stressful conditions. Indeed, the set of alterations within the GH± IGF-I axis could contribute to the provision of metabolic substrates (glucose, free fatty acids, amino acids such as glutamine) for vital organs such as the brain and the heart and for host defense and thus can be conceived as adaptive and bene®cial for survival. However, an increased IGFBP-3 protease activity in plasma has also been reported (18, 22) and is thought to result in increased dissociation of IGF-I from the ternary complex and, hence, a shortening of IGF-I half-life in the circulation. The latter could theoretically be an adaptive escape mechanism to secure the availability of free IGF-I at tissue level (22) .
Changes in the chronic phase of critical illness
In prolonged critical illness, the changes observed within the somatotropic axis are different. First, the pattern of GH secretion is very chaotic and the amount of GH which is released in pulses is now much reduced compared with the acute phase (6, 23, 24) (Fig. 1) . Moreover, although the non-pulsatile fraction is still somewhat elevated and the number of pulses is still high, mean nocturnal GH serum concentrations are hardly elevated when compared with the healthy, nonstressed condition, and are substantially lower than in the acute phase of stress (5). We observed that, when intensive care patients are studied from 7±10 days of illness onwards in the absence of drugs known to exert profound effects on GH secretion (such as dopamine (25, 26) , calcium-entry blockers or glucocorticoids, to name but a few) they present very uniformly with mean nocturnal GH levels of about 1 mg/l, trough levels that are easily detectable and thus still elevated and peak GH levels that hardly ever exceed 2 mg/l; these results are, surprisingly, independent of the patient's age, gender, body composition and type of underlying disease (3, 5) . Secondly, the pulsatile component speci®cally of GH secretion ± which is substantially reduced ± has been found to correlate positively with circulating levels of IGF-I, IGFBP-3 and the ALS ± all of which are low (6, 23, 24) . In other words, the more pulsatile GH secretion is suppressed, the lower circulating levels of the GHdependent IGF-I and ternary complex binding proteins become. This is not what one would expect if GH resistance were the primary cause of the low IGF-I levels, as that would result in an inverse correlation or no correlation between GH secretion and IGF-I levels. The recently documented elevated serum levels of GHBP (3), assumed to re¯ect GH-receptor expression in peripheral tissues, in prolonged critically ill patients compared with those measured in a matched control group are in line with recovery of GH-responsiveness with time during severe illness (3, 6) . It seems that the lack of pulsatile GH secretion in conditions of prolonged stress contributes to the low circulating levels of IGF-I and ternary complex binding proteins. Moreover, it was demonstrated that these low serum levels of GHdependent IGF-I and binding proteins (IGFBP-3, ALS, IGFBP-5) are tightly related to biochemical markers of impaired anabolism, such as low serum osteocalcin and leptin concentrations during prolonged critical illness (6) . Together, these ®ndings suggest that a relative hyposomatotropism, a lack of pulsatile GH secretion, participates in the pathogenesis of the`wasting syndrome' especially in the chronic phase of critical illness. In line with a higher risk of an adverse outcome associated with male gender (3), men appear to do worse than women in the sense that they lose more of the pulsatility and regularity within the GH-secretory pattern when critical illness progresses (despite an indistinguishable total GH output) and concomitantly reveal even lower IGF-I and ALS levels than their female counterparts (3) (Fig. 2) . It remains unclear if this sexual dimorphism within the GH±IGF-I axis is causally related to the gender difference in outcomes of prolonged critical illness or if it merely re¯ects a casual association.
Pathophysiology of chronic changes
The next question is why pulsatile GH secretion is reduced in prolonged critical illness. Is the pituitary The more`feminized' pattern of GH secretion (more irregular and less pulsatile GH secretory pattern for an identical mean nocturnal GH level) in men with prolonged critical illness compared with women is illustrated by the representative nocturnal (2100 h±0600 h) GH serum concentration series (sampling every 20 min) obtained in a male (A) and a matched female (X) patient. Concomitantly, men with protracted critical illness have lower circulating levels of IGF-I than female patients. IGF-I results are presented as means 6 S.D. **P < 0:01. Adapted, with permission, from (3).
participating in the`multiple organ failure syndrome', becoming unable to synthesize and secrete GH? Or, alternatively, is the lack of pulsatile GH secretion due to increased somatostatin tone and/or reduced stimulation by the endogenous releasing factors such as GHRH and/or ghrelin? Studying GH responses to the administration of GH-secretagogues (GHRH and GHRP), in a dose which is known to evoke a maximal GH response in healthy volunteers, enables ± to a certain extent ± differentiation between a primarily pituitary origin and a hypothalamic origin of the relatively impaired GH release in critically ill patients. Indeed, the combined administration of GHRH and GHRP appears to be the most powerful stimulus for pituitary GH release in humans (27) . Thus a low GH response in critical illness would ®t with a pituitary dysfunction and/or high somatostatin tone and a high GH response would be compatible with reduced (hypothalamic) stimulation of the somatotropes.
We found that GH responses to a bolus injection of GHRP are high in long-stay, intensive care patients and several-fold higher than the response to GHRH, the latter being normal or often subnormal (28) . GHRH+GHRP evokes a clear synergistic response in this condition, revealing the highest GH responses ever reported in a human study (28) . The high GH responses to secretagogues exclude the possibility that the blunted GH secretion during protracted critical illness is due either to a lack of pituitary capacity to synthesize GH or to accentuated somatostatin-induced suppression of GH release. Inferentially, one of the mechanisms which could be involved is reduced availability of ghrelin or another putative endogenous ligand for the GHRP receptor. Ultimately, the combination of low availability of somatostatin and of an endogenous GHRP-like ligand emerges as a plausible mechanism that clari®es (i) the reduced GH burst amplitude, (ii) the increased frequency of spontaneous GH secretory bursts and (iii) the elevated interpulse levels as well as (i.v.) the striking responsiveness to GHRP alone or in combination with GHRH, and this without markedly increased responsiveness to GHRH alone. Female patients with prolonged critical illness have a markedly higher response to a bolus of GHRP compared with male patients, a difference which is eliminated when GHRH is injected together with GHRP (3) (Fig. 3) . Lower endogenous GHRH action in men with prolonged critical illness, possibly due to the concomitant profound hypoandrogenism (3), accompanying loss of action of an endogenous GHRP-like ligand with prolonged stress in both genders, may explain this ®nding.
Effects of releasing factors in the chronic phase of critical illness
The hypothesis of reduced endogenous stimulation of GH secretion in prolonged critical illness was further explored by examining the effects of continuous infusion of GHRP6GHRH. Continuously infusing GHRP (1 mg/kg/h), and, to a greater extent, GHRH+GHRP (1+1 mg/kg/h), for up to 2 days was found to substantially amplify pulsatile GH secretion (>6-fold and >10-fold respectively) in this condition, without altering the relatively high burst frequency (23, 24) (Fig. 4) . Reactivated pulsatile GH secretion was accompanied by a proportionate rise in serum IGF-I (66 and 106%), IGFBP-3 (50 and 56%) and ALS (65 and 97%), indicating peripheral GH-responsiveness (23, 24) (Fig. 4) . The presence of considerable responsiveness to reactivated pulsatile GH secretion in these patients and the high serum levels of GHBP clearly delineate the distinct pathophysiological paradigm present in the chronic phase of critical illness as opposed to the acute phase, which is thought to be primarily a condition of GH-resistance. After 2 days of treatment with GHRP, (near-) normal levels of IGF-I, IGFBP-3, IGFBP-5 and ALS are reached and, as shown in a subsequent study, maintained for at least 5 days (6) (Fig. 5) . GH secretion after 5 days of treatment with GH-secretagogues was found to be lower than that after 2 days, suggesting active feedback-inhibition loops which probably prevented overtreatment (6, 24) . In this study, in which GHRP was infused together with TRH for 5 days, the self-limited endocrine responses induced a shift towards anabolism at the level of several peripheral tissues, as indicated by a rise in serum levels of osteocalcin, insulin and leptin and a decrease in urea production (6) . Usually, infusion of GHRP without GHRH suf®ces to reactivate pulsatile GH secretion and to elicit the IGF-I and IGFBP responses in prolonged critical illness. However, in critically ill men, in particular those with a very long intensive care stay, it may be necessary to Figure 4 Nocturnal serum GH pro®les in the prolonged phase of illness, illustrating the effects of continuous infusion of placebo, GHRH (1 mg/kg/h), GHRP-2 (1 mg/kg/h) or GHRH+GHRP-2 (1+1 mg/kg/h). Exponential regression lines have been reported between pulsatile GH secretion and the changes in circulating IGF-I, ALS and IGFBP-3 obtained with 45 h infusion of placebo, GHRP-2 or GHRH+GHRP-2. They indicate that the parameters of GH-responsiveness increase in proportion to GH secretion, up to a certain point, beyond which further increases in GH secretion apparently have little or no additional effect. It is noteworthy that the latter point corresponds to a pulsatile GH secretion of approximately 200 mg/Lv over 9 h, or less, a value that can usually be evoked by the infusion of GHRP-2 alone. In the chronic, non-thriving phase of critical illness, GH-sensitivity is clearly present, in contrast to the acute phase of illness, which is thought to be primarily a condition of GH resistance. From (5), with permission. Figure 5 Serum concentrations (means 6 S.E.M.) of IGF-I, ALS, T4 and T3 in response to a randomized treatment with either 5 days of GHRP-2+TRH infusion (1+1 mg/kg/h) followed by 5 days of placebo (X) or 5 days of placebo followed by 5 days of GHRP-2+TRH infusion (1+1 mg/kg/h) (A) in a group of 10 male and 4 female patients with prolonged critical illness. All P < 0:0001 (ANOVA). The mean age of the patients was 68 years. The mean intensive care stay at the start of the study was 40 days. Adapted with permission from (6).
add a low dose of GHRH (0.1 mg/kg/h seems to be suf®cient) (G. Van den Berghe, unpublished observations) because of the simultaneous lack of endogenous GHRH activity accompanying the reduced availability of the GHRP-like ligand (3).
Changes within the thyroid axis
The changes within the thyroid axis have a similar dual presentation (Fig. 6) .
Changes in the acute phase of critical illness
Within 2 h after the onset of severe physical stress, such as surgery or trauma, serum levels of tri-iodothyronine (T3) decrease, whereas thyroxine (T4) and thyrotropin (TSH) brie¯y rise (29) . Apparently, low T3 levels at that stage are mainly caused by a decreased peripheral conversion of T4 to T3 (30) . Subsequently, circulating TSH and T4 levels often return to`normal' whereas T3 levels remain low. Although mean serum TSH concentrations are indistinguishable from normal values at that time point, the normal nocturnal TSH surge has been shown to be absent (31, 32) . The magnitude of the T3 drop within 24 h has been found to re¯ect the severity of the illness (33, 34) . The cytokines TNF-a, IL-1 and IL-6 have been investigated as putative mediators of the acute low-T3 syndrome. Although these cytokines are capable of mimicking the acute stress-induced alterations in thyroid status, cytokine antagonism in sick mice failed to restore normal thyroid function (35) . Low concentrations of binding proteins and inhibition of hormone binding, transport and metabolism by elevated levels of free fatty acids and bilirubin have been proposed as factors contributing to the low-T3 syndrome at tissue level (36) . The acute changes in the thyroid axis have been interpreted teleologically as an attempt to reduce energy expenditure, at least when they occur during starvation (37) , and thus as an appropriate response that does not warrant intervention. Whether this is also applicable to other acute stress conditions, such as surgery, infection or the initial phase of critical illness, is still a matter of controversy (38) . Indeed, although short-term i.v. administration of T3 to patients after cross-clamp removal during elective coronary bypass grafting has been shown to improve postoperative cardiac function (39, 40) , the pharmacological doses of T3 which resulted in supranormal serum T3 levels and the absence of an effect on outcome do not allow refutation of the postulated adaptive nature of thè acute' low-T3 syndrome.
Changes in the chronic phase of critical illness
Patients treated in intensive care units for weeks or months, however, present with a different set of changes within the thyroid axis. A single sample usually reveals low or low/normal TSH values for a given assay and low T4 and T3 serum concentrations (41) . However, overnight repeated sampling revealed that, essentially, the pulsatility in the TSH secretory pattern is dramatically diminished and that, as for the GH axis, it is the loss of TSH pulse amplitude which is related to low serum levels of thyroid hormone (41) . Moreover, Fliers and coworkers have elegantly demonstrated (by postmortem examination of human brain specimens) that when death follows chronic severe illness, the expression of the TRH gene in hypothalamic paraventricular nuclei is reduced whereas this is not the case after death from acute insults such as lethal trauma due to a road accident (42) . These researchers observed a positive correlation between TRH mRNA in the paraventricular nuclei and blood levels of TSH and T3. Together, these ®ndings indicate that production and/or release of thyroid hormones is reduced in the chronic phase of critical illness, due to impaired hypothalamic stimulation of the thyrotropes, in turn leading to reduced functioning of the thyroid gland. In line with this concept is the rise in TSH marking the onset of recovery from severe illness (43) . The exact mechanisms underlying the neuroendocrine pathogenesis of the low thyroid hormone levels in prolonged critical illness is unknown. As circulating cytokine levels are usually low at that stage (44), other mechanisms operational within the central nervous system are presumably involved. Endogenous dopamine and prolonged hypercortisolism may each play a role since exogenous dopamine as well as glucocorticoids are known to provoke or severely aggravate hypothyroidism in critical illness (45, 46) . A recent study has shown, for the ®rst time, that low thyroid hormone levels in protracted critical illness, found to correlate inversely with urea production and bone degradation, do not re¯ect an adaptive, protective mechanism against hypercatabolism (6) . Indeed, the restoration of physiological levels of thyroid hormones by continuously infusing TRH (together with a GHsecretagogue) (Fig. 5 ) was found to reduce hypercatabolism (6), an effect which was related only to the changes in thyroid hormone levels. During TRH infusion in prolonged critical illness, the negative feedback exerted by thyroid hormones upon the thyrotropes was found to be maintained, thus precluding overstimulation of the thyroid axis (24) . This selflimitation may be extremely important during critical illness in order to avoid hyperthyroidism, which would inadvertently aggravate catabolism. The co-infusion of TRH and GH-releasing factors appears to be a better strategy than the infusion of TRH alone, since the combination, but not TRH alone, increases the pulsatile fraction of TSH release and avoids a rise in circulating reverse T3 (24) . The latter points to the well-known effect of GH on the activity of type I deiodinase and eventually to other important interactions among different anterior pituitary axes for optimal peripheral responses (47) . It remains a matter for speculation, however, as to whether correction of the low serum-and tissue concentrations of T3 also improves clinical problems distinctively associated with prolonged critical illness (48, 49) , such as diminished cognitive status with lethargy, somnolence or depression; ileus and cholestasis; pleural and pericardial effusions; glucose intolerance and insulin resistance; and hyponatremia, anemia and de®cient clearance of triglycerides. So far, pioneering studies with T4 administration have failed to demonstrate clinical bene®ts within an intensive care setting, but in view of the impaired conversion of T4 to T3 this is not really surprising (50, 51) . A very recent report on thyroid hormone treatment during the entire stay on the intensive care unit involving substitution doses of T3 in pediatric patients after correction of congenital anomaly revealed improvement in postoperative cardiac function (52) . In contrast to treatment with thyroid hormones, infusing TRH allows for peripheral shifts in thyroid hormone metabolism during intercurrent events and, accordingly, permits the body to elaborate appropriate concentrations of thyroid hormones in the circulation and at tissue level, thus setting the scene for a treatment safer than the administration of T3 (24) . Outcome bene®t of TRH infusion alone or in combination with GHsecretagogues in prolonged critical illness has yet to be studied.
Parallel changes within the other anterior pituitary axes
In line with the observations within the somatotropic and thyrotropic axes, pulsatile release of prolactin (PRL) and of luteinizing hormone ± hormones which are initially released in response to stress (53±55) ± also becomes impaired in the chronic phase of critical illness (56) .
Prolactin
The changes in PRL may be interpreted as related to changes in immune function during the course of critical illness. The evidence for this includes the presence of PRL receptors on human T-and Blymphocytes (57) and the PRL dependency of Tlymphocytes for maintaining immune competence (58) . In mice, inhibition of PRL release results in impaired lymphocyte function, in depressed lymphokine-dependent macrophage activation and in death from a normally non-lethal exposure to bacteria (59) . The immune-suppressive drug cyclosporin is known to compete with PRL for a common binding site on T-cells, which may explain part of its effects (60, 61) . The PRLsuppressing drug bromocriptine has been shown to be an adjuvant immunosuppressant in humans after heart transplantation (61). PRL was among the ®rst hormones known to show increased serum concentrations in response to acute physical or psychological stress (62), a rise that may be mediated by vasoactive intestinal polypeptide (VIP), oxytocin, dopaminergic pathways and/or other still uncharacterized factors. Cytokines may again play a signaling role. Whether hyperprolactinemia during the initial phase of critical illness contributes to the vital initial activation of the immune cascade remains speculative.
In the chronic phase of critical illness, serum PRL levels are no longer as high as in the acute phase and the secretory pattern is characterized by a reduced pulsatile fraction (24, 37) . A role for endogenous dopamine has been suggested (63) . It is unknown whether the blunted PRL secretion in the chronic phase plays a role in the anergic immune dysfunction or in the increased susceptibility for infections characterizing the chronically ill (64) . However, exogenous dopamine, often infused as an inotropic drug in intensive caredependent patients, has been shown to further suppress PRL secretion and was found to aggravate concomitantly both T-lymphocyte dysfunction and impaired neutrophyl chemotaxis (63, 65) .
Luteinizing hormone±testosterone axis
For luteinizing hormone (LH), too, the pulsatility in the secretory pattern is important for its bioactivity (66, 67) . Since testosterone is the most important endogenous anabolic steroid, changes within the LH± testosterone axis in the male could be relevant to the catabolic state of critical illness. A variety of catabolic states are indeed accompanied by low serum testosterone levels in men. These conditions include starvation (68, 69) , the postoperative phase (53), myocardial infarction (54), burn injury (70, 71), psychological and physical stress (72, 73) and prolonged critical illness (56) .
The low serum testosterone concentrations despite elevated LH levels documented during the acute stress of surgery or myocardial infarction (53±55) suggest an immediate stress-induced Leydig-cell suppression, the exact cause of which remains obscure. A role for in¯ammatory cytokines (IL-1 and IL-2) is possible, as suggested by experimental studies (74, 75) . It may be considered appropriate that the secretion of anabolic androgens be switched off in circumstances of acute stress, in order to reduce the consumption of energy and substrates for, at that time at least, less vital functions.
When a severe stress condition, such as critical illness, becomes prolonged, hypogonadotropism ensues (70, 76) . Concomitantly, circulating levels of testosterone become extremely low (often undetectable) in men whereas estradiol concentrations are increased in both genders, the latter conceivably because of increased aromatization of adrenal androgens (3). The progressive decrease in serum gonadotropin levels, however, appears to lag behind the rapid decline in serum testosterone (54, 55, 77) . In men with prolonged critical illness, a high LH pulse frequency with an abnormally low LH pulse amplitude has been observed (56); this was interpreted as an impaired compensatory LH hypersecretion in response to the very low serum testosterone levels. Thus, again it seems to be mainly an impairment of the pulsatile component of LH secretion that occurs in response to the sustained stress of prolonged critical illness (56) . Endogenous dopamine, opiates and the elevated estradiol levels (3) may be involved in the pathogenesis of hypogonadotropism, as exogenous dopamine, opioids and estrogens may further diminish blunted LH secretion (56, 78) .
Animal data suggest that prolonged exposure of the brain to IL-1 may also play a role through the suppression of LH-releasing hormone (LHRH) synthesis (74) . The pioneering studies evaluating androgen treatment in prolonged critical illness failed to demonstrate conclusive clinical bene®t (79) . In view of the secretory characteristics of the other anterior pituitary hormones, the therapeutic potential of androgens should perhaps be reappraised in a combined treatment. Treatment with pulsatile gonadotropin-releasing hormone (GnRH) administration is an alternative option ± one which is currently being explored.
Pituitary±adrenal axis
The pituitary-adrenal axis also responds differently to acute and chronic insults. It has been known for a long time that the vital stress-induced hypercortisolism induced by surgery, trauma or sepsis is associated with augmented adrenocorticotropin hormone (ACTH) release, which, in turn, is presumably driven by corticotropin-releasing hormone (CRH), cytokines and the noradrenergic system. Concomitantly, circulating aldosterone rises markedly, probably under the control of an activated renin±angiotensin system (80) . Hypercortisolism acutely shifts carbohydrate, fat and protein metabolism, so that energy is instantly and selectively available to vital organs such as the brain and so that anabolism is delayed. Intravascular¯uid retention and the enhanced inotropic and vasopressor response to respectively catecholamines and angiotensin II offer hemodynamic advantages in the`®ght or¯ight' re¯ex. In addition, the hypercortisolism elicited by acute disease or trauma can be interpreted as an attempt by the organism to dampen down its own in¯ammatory cascade, thus protecting itself against over responses (81±83).
In prolonged critical illness, serum ACTH was found to be low while cortisol concentrations remained elevated, indicating that cortisol release may in this phase be driven through an alternative pathway, possibly involving endothelin (84) . Why ACTH levels are low in prolonged critical illness is unclear; a role for atrial natriuretic peptide or substance P has been suggested (84) . In contrast to serum cortisol levels, circulating levels of adrenal androgens such as dehydroepiandrosterone sulphate (DHEAS), which has immunostimulatory effects on Th1-helper cells, are low during prolonged critical illness (85±87). Moreover, despite increased plasma renin activity, paradoxically reduced concentrations of aldosterone are found in protracted critical illness (88) . This constellation of effects suggests a shift of pregnenolone metabolism away from both mineralocorticoid and adrenal androgen pathways toward the glucocorticoid pathway, orchestrated by an unknown peripheral driving force. Ultimately, the latter mechanism may also fail, as indicated by a 20-fold higher incidence of adrenal www.eje.org insuf®ciency in critically ill patients over the age of 50 years and being treated on the intensive care unit for more than 14 days (89) . The fact that this type of relative adrenal failure coincides with adverse outcomes suggests that high levels of glucocorticoids remain essential for hemodynamic stability. Whether hypercortisolism in the chronic phase of critical illness is exclusively bene®cial remains uncertain. Sustained hypercortisolism in the presence of low levels of DHEAS and PRL could theoretically evoke an imbalance between immunosuppressive and immunostimulatory pathways and thus could be seen as participating in the increased susceptibility to complications due to infection. Other conceivable ± though unproven ± drawbacks of prolonged hypercortisolism include impaired wound healing and myopathy, complications that are often observed during protracted critical illness.
Is the outcome of critical illness related to the neuroendocrine changes?
In the acute phase of critical illness, parameters re¯ecting the severity of the insult, such as a high APACHE II score (4) and high serum cortisol and/or low T3 concentrations (33) , indicate a poor prognosis. In patients with prolonged critical illness, however, these markers lack sensitivity. Recently, preliminary data were published showing that another parameter ± the serum concentration of IGFBP-1 ± seems to predict the outcome of prolonged critical illness (3, 6) (Fig. 7) . IGFBP-1 is a small IGF-binding protein produced almost exclusively in the liver (except in pregnancy). It is distinct among the members of the IGFBP family in being acutely regulated by metabolic stimuli (90) . Studies with cultured human liver explants suggest that the major regulatory in¯uences on IGFBP-1 production are insulin, which is inhibitory, and hepatic substrate deprivation, which is stimulatory, acting through a cyclic AMP-dependent mechanism (91, 92) . Moreover, an inverse correlation of IGFBP-1 with IGF-I and the GH-dependent proteins ALS and IGFBP-3 during critical illness is consistent with its inverse regulation by GH, as previously suggested (93±95).
The higher IGFBP-1 levels observed in patients who did not survive prolonged critical illness coincided with lower insulin concentrations compared with survivors, for the same range of blood glucose level ± a surprising ®nding considering that these patients are thought to be insulin-resistant (Fig. 7) . Whether or not this indicates that insulin secretion also becomes impaired in the long-stay, intensive care patients remains unclear. It is clear, however, that in unfavourable metabolic conditions the hepatocyte alters its production of IGFregulatory proteins, for which the trigger might be reduced hepatocyte substrate availability (theoretically caused by either hepatic hypoperfusion or hypoxia, hypoglycemia, relative insulin de®ciency or hepatic insulin resistance) leading to increased cyclic AMP production, which would both suppress IGF-I and ALS (96) and stimulate IGFBP-1 (92) . It is unclear to what extent loss of GH pulsatility may contribute to this switch, but recent data (6) suggest that activation of hepatic IGF-I and ALS expression may require pulsatile GH; similarly, animal studies suggest that suppression of hepatic IGFBP-1 expression by insulin requires acute, rather than prolonged or non-pulsatile, GH action (97).
It remains unclear as to why long-stay, intensive care patients fail to recover and eventually die, in spite of optimal intensive care. Further exploration of the apparent link between serum IGFBP-1 levels and the outcome of prolonged critical illness will shed new light on which pathophysiological processes are crucial for recovery and survival. An understanding of such mechanisms will be of the utmost importance for future progress in intensive care medicine.
Conclusion
In conclusion, the neuroendocrine stress reponses differ in the acute and the chronic phase of critical illness. In response to an acute and severe stress event, the anterior pituitary actively releases its hormones into the Figure 7 Serum IGFBP-1 concentrations were found to be higher in non-survivors compared with survivors in prolonged critical illness (6) . Concomitantly, non-survivors showed lower serum insulin levels for the same blood glucose level. Box plots represent medians, P25±P75 and P10±P90; W, absolute values for outliers. circulation while, in the periphery, anabolic target organ hormones are inactivated. This response is thought to be bene®cial and adaptive. When critical illness becomes prolonged and the patient continues to need intensive medical care for an extended period, pulsatile secretion of anterior pituitary hormones becomes uniformly reduced, because of reduced (hypothalamic) stimulation, and this underlies the reduced activity of the respective target tissues and the impaired anabolism. This difference in the acute and chronic stress response may not be trivial. Indeed, it was the (inappropriate) assumption that the acute stress responses, such as GH-resistance, persist throughout the course of critical illness which had generated the (inappropriate) justi®cation for the administration of high doses of GH to long-stay, intensive care patients in an attempt to overcome GH resistance and thus to induce anabolism (98). The speci®c neuroendocrine disorder present in patients with prolonged critical illness may have predisposed them to the (lethal) sideeffects of that strategy. Since infusing the presumably de®cient hypothalamic releasing factors allows restoration of the (global) anterior pituitary function with preserved pulsatility and active feedback-inhibition loops, this targeted, tropic approach, which has proved effective in bringing about anabolism, also appears to be safer in the critically ill as it precludes overtreatment. It remains to be determined whether endocrine intervention with releasing factors in prolonged critical illness will meet the high expectations by accelerating healing and recovery in those patients who have entered the vicious circle of prolonged intensive care dependency.
